The transmittance of laser pulses through the forest canopy was studied as a function of forest attributes (inventory parameters) and the scanning angle from the point of view of elevation modeling. Here transmittance is defined as the ratio of the number of pulses within a threshold of the detected elevation model to the total number of transmitted pulses. Airborne laser scanning (ALS) using a Leica ALS50-II scanner took place on 25 July 2009 in the Evo test area in Southern Finland. The total number of circular field test plots with a radius of 10 meters was 246. Several of the test plots were observed from two different flight lines, and this resulted in 454 observations. Multiple regression analysis was applied to calculate statistical parameters for the scanning angle and the forest attributes. The canopy layer is an important factor that influences the number of ground hits. We found that the characteristics of the trees determine the number of transmitted pulses penetrating down to the ground level. When using scanning angles between 0 to 15 degrees in forested areas, the results showed that the scanning angle did not have a statistically significant effect on the vegetation penetration nor on the number of ground hits. It appears to be feasible to increase the scanning angle for boreal forest elevation modeling if some degree of local shadowing can be accepted in the data. By increasing the scanning angle, it is also possible to perform laser scanning and digital aerial photography simultaneously even over forested areas. Nationwide laser scanning in Finland and Sweden is carried out with scanning angles of ±20 degrees, but further studies are needed to assess the results when using even larger scanning angles.
Introduction
When a laser beam hits the forest canopy non-vertically, the other side of the canopy objects is partly or totally shadowed and there are areas on the ground receiving no hits or only a small number of hits (shadowing effect). Similarly in urban mapping with airborne laser scanner (ALS), the facades of buildings in built-up environments and ground elevations cannot be obtained from shadowed areas. Thus, shadowing causes problems in the 3-D reconstruction of buildings and trees as well as when determining Digital Terrain/Elevation Models (DTM/DEM). At the time of the advent of airborne laser scanning, the shadowing problem was considered to be a serious challenge. The TopoSys airborne laser scanner was designed to include a scanning angle of ±7.1 degrees off-nadir in order to minimize shadow formation [1] . Since then, laser scanning has been applied to tasks such as the creation and updating of nationwide elevation models and standwise forest inventories where data covering large areas need to be collected cost-efficiently. Presently, scanning angles of ±15 degrees have been generally accepted in operational work, but larger scanning angles are also applied, e.g., in Finnish and Swedish nationwide airborne laser scanning, the corresponding scanning angle is ±20 degrees.
The accuracy of elevation models and forest inventory products is relatively well known as regards the application of airborne laser scanning in boreal forests [2] [3] [4] [5] [6] [7] , and the associated filtering techniques have been adequately reported (e.g., [8, 9] ). The works of Reutebuch et al. [4] and Hyyppä et al. [10] can be recommended as overviews of the elevation model's accuracy. Using TopEye MK I laser scanner data with 4 pulses per m 2 , Reutebuch et al. [4] reported elevation random errors of 14 cm for boreal forest clear-cuts, 14 cm for heavily-thinned forest, 18 cm for lightly-thinned forest, and 29 cm for uncut forest. Variation in ALS-derived DEM quality with respect to date, flight altitude, pulse mode, terrain slope, forest cover, and within-plot variation was reported by Hyyppä et al. [10] . Ahokas et al. [11] mentioned that the optimization of the scanning angle (i.e., field of view) is an important part of nationwide airborne laser scanning. Significant savings in flying time (and thus in costs) can be achieved by increasing the scanning angle and flight altitude. The initial results obtained using scanning angle analysis showed that the scanning angle had an impact on the accuracy of DEMs, but that other factors, such as forest density, dominate the process. Scanning angles up to 15 degrees appear to be usable in DEM production in high-altitude laser scanning within the boreal forest zone. High-altitude laser scanning yielded an accuracy of about ±20 cm (std), which is good enough for most terrain models in forested areas. Ahokas et al. [11] stressed that the impact of the scanning angle should be studied further for elevation modeling as the maximum field of view of commercial laser scanners can be up to 75 degrees (i.e., maximum scanning angle up to 37.5 degrees).
Su et al. [12] analyzed the influence of vegetation, slope, and the sampling angle in airborne laser scanning (the laser beam angle from nadir) on DEM accuracy. Vegetation was the greatest source of error in the LiDAR (Light Detection And Ranging) -derived elevation model. Closed and semi-open aspen forest had the greatest signed (+) errors and lowland meadows the greatest (−) errors. ALS should be done in early spring or late autumn in order to mitigate the effect of vegetation. It was also reported that DEM accuracy decreased when the slope gradient increased. The off-nadir scanning angles should be less than 15 degrees to minimize the errors introduced by steep slope gradients. The LiDAR sampling angle had little impact on the measured error and it was not important. Holmgren et al. [13] simulated the effects of LiDAR scanning angle for the purpose of estimating mean tree height and canopy closure. Simulations revealed that the laser height percentiles and the proportion of canopy returns changed more with an increased scanning angle for long-crowned species like Norway spruce, compared with short-crowned species like Scots pine. Also, the proportion of canopy returns was affected by scanning angle more than the laser height percentiles were. Chasmer et al. [5] investigated laser pulse penetration through a conifer canopy by integrating airborne and terrestrial LiDAR. They found that pulses with higher energy penetrated further into the canopy. The authors suggest that future research should concentrate on improving the understanding of how laser-pulse returns are triggered within vegetated environments and how canopy properties influence the location of the trigger event.
Morsdorf et al. [14] assessed the influence of flying altitude and scanning angle on biophysical vegetation products (tree height, crown width, fractional cover, and leaf area index) derived from airborne laser scanning. Due to the small scanning angle of the TopoSys Falcon II (±7.15 degrees), the dependence of airborne laser scanning on the incidence angle is not so evident. The angle of incidence (the angle to the surface normal of the horizontal plane) appears to be of greater importance for vegetation density parameters than the local angle of incidence (the angle to the surface normal in the elevation model). The local topography is, thus, less important than the scanning angle. ALS data from larger scanning angles should be used to study further the impact of the scanning angle on vegetation density products. Ahokas et al. [15] showed that laser-beam transmittance through the canopy of a small group of Norway spruce trees is a non-linear function of biomass based on the results of an indoor experiment. The scanning angle had only a minor impact on the results when compared to changes in the biomass. Scanning angles of up to 38 degrees proved to be feasible for elevation mapping in this indoor experiment. It was proposed that airborne experiments need to be continued in this subject area.
This being so, the present paper tells of research on the transmittance of laser pulses through the forest canopy as a function of forest attributes (inventory parameters) and the scanning angle from the point of view of elevation modeling. Transmittance was defined as the ratio of the number of pulses within a threshold of the detected elevation model to the total number of transmitted pulses. The motivation for the study is in that if the scanning angle impact on transmittance is minor, then a larger scanning angle range can be accepted in future in applications where small shadowed areas can be accepted as long as the average number of ground hits is also acceptable.
Material and Methods

Test Site
The Evo test area is located in Southern Finland, some 100 km north of Helsinki. The field measurements were conducted in 2007 on this boreal forest site. A detailed description of the study area and the field measurements can be found in [16] . The average stand size is less than 1 ha in this managed boreal forest covering about 2000 ha. The proportion of Scots pine (Pinus sylvestris) is 40%, that of Norway spruce (Picea abies) is 35%, and that of deciduous trees (mainly birch, Betula spp.) is 24% of the total stem volume (hereafter: volume). The altitude of the site varies between 125 m and 185 m above sea level.
Applied Systems and Data Collection Laser Data
The laser scanning took place on 25 
Field data
The plot centers were measured using a Trimble GEOXM 2005 GPS (Global Positioning System) device and each tree was positioned by measuring its direction and distance from the plot center. The plot radius was 10 m, giving a plot size of 314 m 2 . Altogether, 246 field plots were available for this study. The tree heights were measured using a hypsometer. The tree diameters were also needed to calculate the volume of each tree, and the DBH (diameter at breast height) of all trees having a DBH exceeding 5 cm was measured using steel calipers. The stem volumes were calculated using standard Finnish models [17] . The measurement results for the field plots are shown in Table 1 . The field measurements were conducted in 2007 and the laser scanning in 2009. 
Data Preprocessing
The laser data were calibrated strip-by-strip by the data provider using the TerraMatch software. A common heading (H), roll (R), pitch (P), and mirror scale correction were applied first, and then a heading, roll, pitch (HRP) correction was implemented by flight line. A height correction (dZ) was applied by flight line in the third phase. The ground surface was classified using the TerraScan software.
Analysis Methods
The same field test plots (246) were observed from different flight lines (trajectories), and this meant that the total number of observations was 454. The ground surface was classified using the TerraScan software. The method used in the ground classification can be found in [18] . Since TerraScan finds the key points for the elevation models, there were three ground surface tolerance levels around the TerraScan-found TIN: ±0.25 m, ±0.50 m, and ±1.0 m, and we assumed that all points within these tolerance levels were considered as ground hits for transmittance calculations.
The mean scanning angle was the average of the minimum and maximum angles hitting the plot. Each plot was characterized by the mean height of the trees, their mean diameter, basal area, and volume. All of the plot data (transmittances, mean angle, forest parameters) of the 454 observations were combined into one Excel file sheet and sorted by applying plot-wise mean scanning angle for the further statistical analysis.
Multiple regression analysis was used to calculate the coefficient of determination (R 2 ) for the mean scanning angle, the mean height of the trees, their mean diameter, their mean basal area, and the stand volume. The dependent variable was the transmittance (Tr) of the laser pulse to the ground at three tolerance levels: within ground surface ±0.25 m, ±0.50 m, and ±1.0 m. The linear models used were:
Tr._tolerance_level = b0 + b1*Angle + b2*Height(m) + b3*Diameter(cm) + b4*Basal_area(m2/ha) + b5*Volume(m 3 /ha) Ln Tr._tolerance_level= b0 + b1*Angle + b2*Height(m) + b3*Diameter(cm) + b4*Basal_area(m 2 /ha) + b5*Volume(m 3 /ha)
Results and Discussion
When looking at the relationship between the transmittance and the scanning angle, Figures 1-3 depict how the transmittance of laser pulses through the canopy of a boreal forest occurs in relation to the scanning angle. The angles are negative to left of the flight line and positive to the right. As can be seen from the figures and from the coefficients of determination (R 2 ), which are very small (0.0001 to 0.008), there is basically no correlation between the transmittance and the scanning angle when examining this data set. As the scanning angle has only a minor impact on the transmittance of laser pulses through the forest canopy, transmittance was further studied as a function of the stem volume. Some include trees belonging to only one age class while others have trees and tree species belonging to various age classes and tree species. Also, the homogeneity of the forest plots impacts on the results. We assume that lower transmittances may result from plots having multiple stories (various age classes of trees) and from more homogeneous plots. The plots with the greatest heterogeneity and gaps are expected to manifest the highest transmittances. For example, if a plot consists of 50% of gaps and 50% of stem volume of 500 m 3 /ha, the transmittance is roughly 0.55 ((1 + 0.2 according to Figure 4 )/2), and average volume is 250 m 3 /ha. Since deciduous trees are found mainly in mixed stands, the number of totally closed stands was very small and gaps dominated in the obtained transmittances. Figure 7 includes pulse transmittances from studies by Naesset [6, 19] and Solberg et al. [20] for comparison. In the paper presented by Naesset [19] , the dates of the laser scannings were 8 June and 9 June 1999, and 6 June 2000, the scan angles were ±14 degrees, the pulse density was about 1.1 per m 2 , and the flight height was 700 m. In the study by Naesset [6] , the laser scanning was done on 16 July and 17 July 2001, the flight height was 530-540 m, the average pulse density was 0.84-0.89 per m 2 and pulses transmitted at scan angles greater than 15 degrees were excluded. In the paper presented by Solberg et al. [20] , the laser scanning was carried out on 26 forest area in question had been actively managed, it was distinctly divided into stands of various age classes, and it was dominated mostly by Scots pine with a few stands of Norway spruce and deciduous trees. The use of the first pulse model and possibly the lack of understories, were the reasons for the high transmittance values in the study by Solberg et al. [20] when compared to the results of other studies. The data in this study were collected on 25 July 2009 and the scan angles were ±15 degrees. The laser scannings for these studies were conducted when the vegetation was in leaf. In general, the levels of transmittances were high, and the transmittance values could have been even higher as the early spring is the primary season for collecting elevation data.
The scanning angles varied from 12 to 15 degrees. The average pulse density between the studies differed significantly, but that was not believed to affect transmittance. The results also showed that by merging transmittance and volume characteristics from previous studies, the general trend was not visible from them. It is also possible that the definition of transmittance (what points are considered as ground points) varies between studies.
The results of Figure 7 also show that there are other forest attributes, depicted in Section 2.4, that impact on transmittance. Table 2 shows their inter-correlation. Moreover, the canopy structure and LAI (Leaf Area Index) are believed to impact on the results, but it is difficult to compare the results between different studies subject to different circumstances. However, the impact of other predictors on transmittance was modeled further. The basal area had the largest single impact on the transmittance model and the mean angle had the least impact (Tables 3 and 4) . Table 4 summarizes the results of the linear models. LnTr-models fit better than Tr-models. Transm. ± 0.25m, mean value First pulse/plots/Solberg2006 First pulse/plots/Nae sset2004 Last pulse/plots/Nae sset2004 First pulse/stands/Nae sset2004 Last pulse/stands/Nae sset2004 First pulse/plots/Nae sset2002 First pulse/stands/Nae sset2002 Table 3 . The regression coefficients for the modeled transmittance. In Table 3 we can see the standardized partial regression coefficients. They indicate the effect of each independent variable on the dependent variable. Basal area has the largest effect, volume the second, diameter the third, height the fourth, and angle the fifth largest effect on the transmittance. In Table 5 the correlation of regression coefficients is depicted. Since the basal area influenced the transmittance, the relationship between the transmittance and the scanning angle was investigated by class of basal area. Then the scanning angle effect was investigated using test plots with a similar canopy condition. We divided the data into seven classes according to basal area, and the relationship between the transmittance and the scanning angle was further investigated within each basal area class. The coefficient of determination (R 2 ) and the standard error were expressed on three ground tolerance levels. The results are shown in Table 6 . It seems that canopy characteristics dominate the transmittance process in boreal forests with scanning angles less than 15 degrees. With significantly larger angles, it is obvious that the effect of scanning angle is significant. Thus, there is an urgent need for research determining the scanning angle whereby the scan angle and forest characteristics have equal effect on transmittance in dense boreal forests. That level could be considered as being the maximum acceptable scanning angle. In our study, we did not see any indication of that level being reached and therefore we, recommend increasing the applied scanning angle-from the point of view of elevation modeling in boreal forests. However, we do not know how much the scanning angle can be increased. Increasing the scanning angles also provides new possibilities for nationwide laser scanning data collection and for simultaneously collecting scanning and imaging data even in the forested environment.
The quality of elevation modeling deteriorates slowly as a function of transmittance. According to Hyyppä et al. [10] , if the accuracy of elevation modeling needs to be improved by 50%, the number of pulses needs to be roughly increased by about 10 times. If this is applied to the results of this study, a transmittance of 10% indicates the doubling of the elevation error in these parts of the elevation model and if further reduction in elevation error accuracy can be accepted, higher scanning angles can be accepted for elevation modeling.
The effect of scanning angle on forest information retrieval accuracy cannot be directly predicted based on results of our study since the applied forest inventory technique and ground elevation modeling are differently affected by the scanning angle. Approaches to deriving forest information from airborne laser scanning data has been conventionally divided into two groups; those based on statistics of canopy height (referred to as area-based techniques), and those based on individual tree detection (referred to as individual-tree or single-tree-based techniques). Presently, area-based techniques are operationally applied in the Nordic Countries in standwise forest inventorying. Since area-based estimation is mainly based on features derived using also the penetration capability of beams (density-based features and percentiles), the effect of scanning angle on area-based inventory is expected to be more significant. In general, it can be seen that an increase in scanning angle will cause an increase in the general point cloud height level, which is interpreted as an increase in volume and basal area. In individual tree detection, the delineation of individual trees and the detection rate of individual trees is hampered when the scanning angle is increased and the trees are seen only from one side. Thus, in forest applications, there is a need for further study of the effects of the scanning angle.
Conclusions
In this study, we investigated ALS transmittance as a function of scanning angles in a boreal forest area. With a database of about 450 real transmittance samples from the air and by comparing them to the field data composed of the main forest attributes, we concluded that the characteristics of trees determine the number of the transmitted pulses penetrating down to the ground level.
The scanning angle does not have a statistically significant impact on the penetrability of the boreal forest in the study when using scanning angles from 0 to 15 degrees. From this point of view, it appears feasible in future to increase the scanning angle in elevation modeling in boreal conditions when aiming at lower production costs and if some local shadowed areas are acceptable. These shadowed areas are not visible in the average number of ground echoes. By increasing the scanning angle, it is also possible to perform laser scanning and digital aerial photography simultaneously, and to do so even over forested areas, this opens up further implementation possibilities. Further studies are needed regarding larger scanning angles as it is possible that transmittance is considerably more influenced by larger scanning angles. Also, the effect of scanning angle on forest inventory requires further studies as is pointed out in Chapter 3.
